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INTRODUCTION AND OBJECTIVE

The Cwil Engincering Laboratory (CEL) has
been evaluating a highly fragment-resistant armor
material for the Marine Corps. If used in a reuseable
modular component design  this material, GRP,*
could be used i forward areas to assemble a family
of shelters casil and quickly for protecting ground
targets against ¢ffects from conventional weapons.
Present systems use sandbags, metal components,
concrete clements. or timber construction requiring
fong erection time. Although such systems provide
adequate protection after erection, little protection is
afforded the erectors during the leng periods of con-
strucuion,

With 2 reuseable module ard reduced erection
time, combat troops can be redirected from pro-
tective construction to their primary mission; the
final goal is to provide an alternative t5 sindbag, con-
crete, or timber construction.

Personnel, aircraft, tue!, and ammunition are
typical targets to be protected by the modular fortifi-
cation system from conventional weapons, such as
mortars, artilicry, rockets, and general purpose
bombs. Effects from the weapons include fragmenta-
tion and impulse blast loading. Previous investigations
have demonstrated that the GRP is an effective
deterrent o fragments {1,2].

Since the modular components must resist blast
effects in addition to fragmentation, the GRP com-
poncents must be structurally reliable, thus requiring
an cvaluation of the mechanical properties of the
GRP laminate. The GRP structures must also be
capable of sustaining other loading:

1. Dead weight

2. Soil loading (the structures are to be ballisti-
cally upgraded by adding soil in wall cavities between
pancls)

3. Wind loading (the structures must be able to
resist wind loading from a hovering helicopter)

4. Live loading (the roofs and walls must sup-
port personne] and equipment during and after erec-
tion)

A test program was undertaken t) establish the
structural properties of the GRP laminate, evaluate
failure mechanisms, and recommend efficient GRP
structural configurations.

GRP Laminate Description

The GRP laminate was prepared from layers of
fiberglass woven cloth surrounded by a matrix of
polyester resin. The resin, which conformed to
MIL-R-21067, contained 70% by weight of thermo-
sctting polyester with the remainder of the formula
being monomeric styrene.

The glass woven fabric conformed to Style 1157
(manufacturer’s specifications, see Figure 1). This
particular fabric weighed 24 ounces per square yard
and consisted of clectrical glass composition (E-glass)
with a continuous filament of 0.90037-inch nominal
diameter in both the warp and fill rovings. Each fila-
ment of the rovings (groups of filaments) is nominally
13,500 yards per pound. Each roving was composed
of 60 filaments. There were 5 rovings (ends) per inch
in the warp direction of the cioth and 4 rovings
(picks) per inch in the fill direction. The finish on the
cloth was a starch binder.

The laminate was prepared by using 48 plies of
the above cloth in the resin matrix per inch thickness
of laminate. The GRP was cured by the manufacturer
for 2 hours at 200°F and 100 psi pressurc. A cross
section of the GRP is shown in Figure 2. The
laminate’s density was 0.071 pound per cubic inch
(1.97 specific gravity). Samples of the laminate were
tested in accordance with Mcthod 7061 of Federal
Test Method Standard No. 406 and found to consist
of 21.76% resin by weight. This is a very low resin
content for a laminate used in structural applications;
however, tests have indicated that 20% resin content
is optimum for best fragmentation resistance.

* Fiberglass-remnforced polyester, the fiberglass is woven roving design,
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Table 1. GRP Coupon Tests for

Matenal Properties

Laminate Anistrop:
. AN <
Stress Mode Test Thichness . .P
Direction
an,)
Room-Conditioned Specimen
Tension ASTM D638 | 14, 178 fill, warp
Con premion CELY 144 fiti
Fleaure ASTM D790 174 fill, warp
amimating _
Lamnmating CELF 174 fill
Shear
banchine srpendicular o
Punching ASTM D732 s pc.q-um ular o
Shear faminate <heet
Water-soahed? Speaumen 1ested at Room Femperature
l'estsion ASTM DO3S | 14 1/8 fill, warp
Compression crr? 14 tll
Flesure ASTM D790 [¥2] till, warp

1 CEL~Jesigned speamien tested at strasm rates
recommended by ASTM,

b Water-sozked 24 hours as speaticd by ASTM,

Test Program

A series of coupon tests was conducted to eval
wate strength and behavior characteristies and to
establish design cniteria for the laminate, The mtor-
mation was required to design the components of the
protection system to utilize fully both the structural
and ballistic propertics of the laminate. The coupon
test program s given i Table 1. 1t included tensile,
compressive, flexural, laminate shear, and punching
shear tests. From the coupon tests the folloving pro-
perties were  determmed- < tastic modulus,  vield
strength, maximum stiength, stresssstrain behavior,
and cnergy absorption properties. In addition to the
above tests, two tensile and two compression test
specimens were  strain-gaged in order to obtain
Poisson’s ratio.

After completion of the coupon tests and evalu-
ation of the behavioral characteristics, a series ol
single- and four-point loaded flexural tests were con-
ducted on six sandwich configurations emploving
GRP sandwiched with alummum honeycomb core.

COUPON TESTS OF GRP LAMINATE

Summaries of the results from the room-
conditioned tests are wbulated in Fable 2. Typical
resistance-deformation curves-for the vanous types of
tests are presented in Figures 3 through 7.

Dunng initial stages of loading in all stress
modes, the behavior of the lammate was governed by
the properties of the polvester resin, After the resin
strength was exceeded, the fiberglass characteristics
controlled the faminate behavior.

The GRP exhibited a considerable amount of
ductility after vield or maximum stress was attained
in ail stress modes except, notably, the tensile mode
where failure of the tiberglass tended to be sudden
and complete. Specimens subjected o stress modes
wherein Jarge ductitity occurred were not loaded to
complete collapse; instead, they were deformed 10 a
particular strain level to which the material would be
subjected during “fickd” use. Load-deformation
curves m Figures 5 and 6 give a good indication of the
GRP ductility.

There were different load-carrying characteris-
tics associated with the warp and fill directions of the
laruinate since there was 20% more fiberglass in the
warp direction than in the fill dircction. As might be
anticipated, on the basis of tensile and flexural tests,
the warp direction had greater ultimate (maximum)
strength (10% tensite and 3% flexural). All of the
vales given in the following paragraphs are for the
fill direction and 1/4-inch thickness (room-
conditioned  tests) unless otherwise noted. It s
recommended that the structaral design properties be
based on those associated with the fill direction of
the laminate (Table 2).

From the straingaged coupon specimens,
Poisson’s ratio was determined to be approximately
0,1,

Test Results for Specific Stress Modes

Tension. Example curves of coupon tensile load
deformation are given in Figures 3 and 4. A tested
tensile coupon specimen is shown in Figure 8 where
the deteriorated resin delaminated trom the fiber-
glass, characteristic of the tensile farlure mode,

Although the GRP did not exhibnt ductility in
tension, it did provide a higher level of strain energy
absorption than was characteristic of the compression
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Table 2. Properties of GRP Laminate”

(Poisson’s Ratio = 0.1,)

Stress Mode
Property . .

P Tension Compression Flexure 1'3';}:::;'"&: P‘;’;:::}g
Initial St.ess Modulus (psi) 2.55x100 | 1.72x106 1.55x106 | 0.38x10° |.0:15x 109
Secondary Stress Modulus (psi) 1.78 x 106 - - - -
Stress at Resin Failure (psi) 8,800 6,000 6,500 820 19,300
Maximum Stress (psi) 40,000 6,000 6,500 - 19,300
Yield Strain (1n./in.) 0.0035 0.007 0.004 0.0022 0.130
Rupture Stress {psi) 40,000 2,400 3,200 - 7,600
Ruprure Strain (in./in.) 0.025 0.10 0.026 - -
Elastic Strain Energy (psi-in./in.) 15 22 13 1 1,250
‘Total Strain Encrgy (psi-in./in.) 520 240 80 - -

“ 1/4-inch, room-conditioned, fill direction.

or flexural stress modes (Table 2). The tests indicated
an initial tensile modulus of 2.55 x 106 psi to a stress
level of 8.8 ksi, at which point the resin apparently
began to break down; there was also a load-resistance
transition to the fiberglass. The transition modulus
was 1.38 x 10 psi to a stress level of 17.9 ksi. Then
the modulus was 1.78 x 106 ksi until an ultimate
strength of 40.0 ksi was reached. Failure occurred in
a stepwise fashion as groups of fiberglass strands were
broken, and the load-carrying capacity dropped
eventually to zcro with increased strain, Strain at
maximum resistance was 0,025 and was 2 to 4 times
this amount at compicte collapse.

Compression. Duc to the instability of the GRP,
the compression coupon specimen (see Figure 9) was
cut from a sandwich prepared from 1/4-inch-thick
laminate facings cemented to 3/4-inch-thick alumi-
num honeycomb core. The compressive strength of
the core was negligible. The specimen width was 1
inch and length was 1-1/2 inches. Before testing,
specimens were capped with a polyester resin in order
to insure uniform compressive loading.

Example load-deformation curves for compres-
sion are shown in Figure 5. A typical failure mech-
anism is shown in the photograph in Figure 10. The
elastic compression modulus was 1.72 x 10 psi to a
maximum loading of 6.0 ksi where the laminate resin
breke down. The load-carrying capacity gradually
dropped off to 40% of the maximum and held at this
level until a strain of 0.10 was reached when the tests
were terminated.,

Breakdown of the resin resulted in a diagonal
crack (Figure 10). As the resistance dropped off and
further strain was experienced, slippage occurred
along the crack, and the glass fibers across the crack
were subjected to tensile stresses. Thus, the woven
cloth plies in the vicinity of the crack delaminated
and buckled with continued specimen deformation
(Figure 10). The compressive failure was a localized
shearing type, resulting in considerable strength
reduction. The relatively low compression strength
was duc to the low resin content in the laminate,
Further deformation of the compression specimen
resulted in localized strain near the crack
accompanied by relaxation of strain elsewhere as the
load resistance dropped.
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Flexure. The flexural properties of the laminate
were governed by its compressive capacity.. Another
factor was the support conditions of the specimea.
Photographs of GRP coupon flexural failures are
presented in Figure 11 Sample test curves of flexural
resistaiice to deformation are.given wi Figure 6. From
the coupon tests, the laminate showed s flexural
ciastic modulus of 1.55 x 10% psi to a manirun
stress of 6.5 st (strain at maximum loxding -was
approximately 0.004),

After attaining the maximim resistance, the
laminate resin began to bresk down and a Jiagonal
crack was formed in the compression zone of the
specinten cross section (Figure 11). The load resis-
tance dropped to 40 10 60% of maximum as the fiber
glass strands were subjected to tensile action as
slippage occurred along the crack. Just as in the com-
pression mode, localized buckling and delamination
occurred in the vicinity of the crack as deformation
was continued.

The behavior of the specimen after breakdown
of the resin and the subsequent drop in load-carrying
capacuy depended on the end supports, For the case
of roller supports, the specimen continued to deflect
while carrving approximately the same loading (40 to
50% maximum). However, for the case of pinned
supports at both ends, the load resistance increased
up to near maximum resistance with continued defor-
mation. This was attributed to the tensile membrane
resistance of the laminate. In any case, the laminate is
capable of deformation (hinge rotation) in excess of
129 about the support without collapse and main-
taining at least 40% of the maximum loading. The
test results shown in Figure 6 are from specimens on
roller-type cnd supports,

Shear. Both punching and lamination shear tests
were performed. Lamination shear tests were per-
formed using the notched type of tension-loaded
specimen shown in Figure 12 (using 1/4-inch-thick
laminate). This specimen was considered to provide 2
lower honnd to the lamination shear strength since it
was virtually impossible to climinate all the
eccentricity in loading. Results indicated a lincar
stress-strain response until resin breakdown which
produced a crack between woven roving plies
extending between the two sawed notches on the
specimen (Figure 12). Tests were terminated at this

point. The elastic modutus of lamination shcar was
0.38 x 106 psi and the maximum lamination shcar
strength was 820 psi.

Punching shear tesis produced Yinear resistance-
deformation response up 16- resin breakdown after
which there was a gradual dacrease in the load-
carrving-capacity (Figure 7). The clastic msdulus for
punching shear was .15 x 109 psi and the maximum
shear strength wax 19,3 &i<i. This mode of stress
exiaited the highest jovel of dlastic strain energy.
Just as ir the compression and flexpral modes, after
resin deterioration, the fiberglass could nut sustain
the mavimum shear-sosistance jevel; and delamination
resufted after the glass was <ubjected-io tension-across
the failure crack.

Parameier-Eficet on Swructural Properties

Water Adsorption, Specimens of each stréss
mode except lamination shear were also tested after
being immersed 24 hours in water. Typical
resistance-deformation curves are plotted in Figures 3
through 6 along with the room-conditioned test
results.

After being immicreed in‘water for 24 hours, the
GRP laminate specimens were observed to absorb
water at 1.5 to 2.0% by weight (uncoated specimens).
Because of the low resin content and the starch
binder, the laminate was more susceptible to strength
deterioration due to water absorption. Load resis-
tance decreased from 30 to 60%. The effect is illustra-
ted in Figures 3 through 6. The water absorption
tends to break down the bond between the polyester
resin and the fiberglass strands, It was noted, how-
ever, that the tests indicated little decrease in the
GRP’s ductility due .u-avater absorption.

Due to the detrimental effect of moisture, a
coating will be required if the GRP is to retain its
structural and ballistic integrity in 2 humid
cnvironment.

Thickness of GRP. On the basis of coupon
tensile tests, both dry and water-immersed, the
thinner laminates exhibited slightly less strength and
were more deteriorated by water absorption. The
1/8-inch laminate decreased more in strength from
the 24-hour water immersion than did the 1/4-inch
laminate.
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Capacity for Reloading and Reverse Loading.
flexural coupons Gand later saniwich flexural
specimans) were subjected to reloading alter inducing
permancat deformastion and exceeding  maximum
stress level. The teload-deformation relationship was
lincar (much lcss o, however, than the original
uiffness) and returnad to-the level of resistance at
which the losd-carrying capacity was originally
dropped. These specimens continucd 1o deform as if
the load had siever been removed.

Reverse flovunal loading was applied by, fics,
deforming the specimen beyond the maximum load-
carrving capaziry in one direction, and then turning
the beam specimen over and appiying load in the
upposite divection. The behavior of the specimen was
similar to. that of the reloaded specimens. The load
deformation svas lincar to a maximum resistance and
then leveled. 1T 12 degrees of rotation has not been
exceedead in the originaitoading direction, it could be
deformed this amount n the opposite direction.
However, it 12 degrees of rotation was exceeded in
the imtial loading, the specimen could carry little
loading *n the opposite direction, The fibers 1 the
luminate onginally loaded in compression were
generally broken after 12 degrees of hinge rotation.

SANDWICH TESTING

Sandwich construction is the most cfficient
method of utilizing the structural capability of the
GRP. Facings are spaced some distance apart where
they will be subjected to in-plane loading for resisting
bending and membrane forces. Separating the facings
with lightweight core material (aluminum honey-
comb) achieves a high ratio of stiffness to weight. The
core is designed to resist shear and to stabilize the
facings through a bonding adhcsive medium. Sand-
wich construction is inherently more costly in fabri-
cation and will increase the shipping cube (volume).

Six GRP sandwich construction configurations
(Figure 13) were considered and tested. Configura-
tion i uses the GRP as a core material and is
considered to have the poorest ratio of structural
strength to weght. The other five utilize a lightweight
honeycomb core and GRP laminate facings. The sand-
wich configurations that utilized aluminum or rein-
forced cpoxy possessed the greatest ratio of ultimate
strength to weight.

Sendwich Tests aid Resules

Sandwich plates were fabricated in the configur-
ations shown in Figure 13. The plaies moasured
12 x 12 inches, 18 x 18 inches, cad 18 x-48 inciiss
and. were fabricated-by CEL technicians (Eigure 14).
Aiter curing, the plates-were cut.intu-flexura! speci-
mens in widths approximaicly equal to thickiiesws.
Sandwich specimcens were tested cither to failuiz of
to 2 stable resistance level. using single-and Toaur-
poinit-loading configurations (Figure 15).

A summary of the results of the sindwich
flexural tests are presented in Tsble 3. Example
resisiance-dcformation curves are presented in Figures
16 through 24. Photographs of example lailure
mechanisms are shown in Figures 25.through 33.

Evaluation of Sandwich Behavior

The GRP in sandwich construction exhibited
propertics  similar to those cxhibited during the
coupon testing. The amount of deterioration from
mcisture absorption is shown in the resistance-
deflection curve in Figure 19, as compared to Figure
18. The 1ensile membrane contribution to the resis-
tance beyond clastic limits is shown in the rsistance
curve shown in Figure 20, as compared to Figure 17.
The compression failure mechanism of a GRP
sandwich facing is shown in Figure 32 and is similar
to the coupon comy.ession failure shown in Figure
10.

All sandwich configurations exhibited an-elastic
range, with the greater stiffnesses associated with the
morc complex sandwich configurations. With the
excéption of Configuration 3, the hehavior of the
sandwichés in the linear clastic range presented few
material problems from buckling or delamination of
facings. Fabrication difficulty (low bonding pressure
and temperature) of specimens of Configuration 3
resulted in delamiration of the components at load
resistances below those expected (Figure Z5). A pre-
mature facing dclamination 4f a Configuration §
specimen is shown in Figure 26. Failure of the
adhesive in the clastic range was particularly sudden
and was accompanied by a large loss in load-carrying
capacity (Figure 21).

The strength of the adhesive and its flexibility is
dependent upon the sandwiching procedure; that is,
mixture of adhesive components, thickness and
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Table 3. Summary of Sandwich Tests

1 = b
i l Experimental Values Predicied Values
Configuration ('0“;?'“5‘0‘“. l:.nfu-:\ Core Yield El | Maximum | VYield (ED,
e :':\ 1 ‘:': | Tieckness | Moment | (Iban.” | Moment  |Moment | Girin.2
Phickness  Thictess | 770 Onai | x108) | ey | dinelb) | x 108y,
(m.) an.) |
i 1o e 1fle 1224 v 0.097 ' 1,694 1,310 | o078
2 i RIS B V) 2Ty Loser Lo2ase §o1s00 | 0260
3 Ma 2 - 5rin 10,7074 2820 | TR g K670 2836
4 1716 3/4 174 2,080 0.270 21,920 1.990 0.260
5 1/8 3/4 . 144 3400 0163 3420 6,940 0.199
6 144 33 1-t6 2,040 0,287 2 880 1,990 0.260 ;

a
Maximuns attained value betore prematuee adbesine failurc,

evenness of the adheswe laver, and the amount of
residual stresses produced by thie-curing temperature
and pressure. The results of the tests wvolving Con-
figuration 3 indicate adhesive joints shnuld bekept to
a2 mmimuni and the choice ot wdhesive carcfuliy
considered in order to sustain the desired load
capacity and be capabie of attaiming large ductile

strains,

Several premature shear and buckling failures in
the corc material were encountered; however, they
were not as sudden and complete as the adhesive
failures. The core-buckling failure of Configuration 4
is shown in Figure 27,

‘Beyond the clastic range, buckling and delamina-
tion of the compression facings weze the usuai-fauure
modes of the sandwiches. However, except for pre-
mature adhesive breakdown, the failure of
Configuration 3, and the behavior of Configuration 5,
the sandwiches generally exhibated a very duaide
flexcral mode. A failure ot Configuration 5 is shown
in Figure 31 Duc to the brittleness of the reinforeed
cpoxy used in the compression face, the failure of the
sandwich was quite sudien and complete as shown in
the resistanee-deflection curve in Figure 23,

With the nonsymmerrical sandwich
Configurations 4, 5, and 6, the behavior beyond the
clastic range was governed by the sandwich fucings
that mitially vielded. This was particularly true for
Configuration 6 in which the GRP facing was in
compression, As deomnstrated in Figure 24, when the
GRP vieided first (Figure 32), the load-resistance
reduced to approximately half of the maximum
loading, after which the load-resistance leveled off.
When the aluminum facing inivally vielded, as in
Configuration 6, the resistance leveled off and
naintained the maximum load (Figure 24) until the
aluminum failed (Figure 33). The latter type of
failure resulted in a sudden and complete resistance
loss similar to that with Configuration 5,

If the adhesive which bonded sandwich
compaonents wis correctly applied and was capable of
sustaining the necessary strain energy absorption of
the facings, sandwich Configurations 2, 3, and 4
presented the most desirale structural characteris-
tics. Configuration 1 lacked the high fevel of
strength-to-weight, and the brittleness of the rein-
torced epaxy limited the duculity of Configuration 5,
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Comparison ol Predicted wd
Experimental Propertics

Tabulated 1n Table 3 are the predicted and
expenmentally calculited stiffnesses, (E”r and (EV),..
respecinely for the tested andwich configurations.
The predicted suffnesses were obtained by

1. Using the GRP-marerual properties tabulated
in Table 2.

2, Using the manufacurer’s recommended

mechanical propenies tor aluminum and the
tiberglasscemtareed epoxy.

. Assuminy that the flexural loading was
resisted:hy the sandwich tacings »nnly .

4. Assuming untform aeasife and compresswe
stress across the facings” sections,

5. Assunung flexural viclding in one ot the
sindwich taangs prior to any hcaheed buckling or
shear talure in the core or adhesive joint,

The predicted suftness of-the sandwiches, (E1),,
was obtained trom the expertmentaliv obtained strain
characteristies of the GRP lamsnate and ether facing
materials and the expression

M € + €
¢ = - =
(ED),, h

where ¢, and ¢ are the predicted strans at the cen-
troud ot the tensile and compressive facings,
respectively, while the sandwich beam is subjected 1o
the moment M. The moment arm length betwéen the
ceitronds of the tensile and compressive forces s
designoted as h,

The predictad vicld moment, My, was calculated
trom-

M, = f}. th
where €15 the thickness of the facing that vielded fivst
(or the thickness of the GRP if it attained maximum
stress in compression), and f, is the vield stress of the
material used in the facing (or the maximum GRP
compressive stress). The value for f t was determined
for cach facing, and the lesser of the two was used to
determine M.

The experimental values of the clastic stiffness,
(ED).. were calculated from the lincar portions of the
load-deformation curves and the expressions:

&), = -’(—'—’) for single-point loading
e * 3l ~

3
€D, = -}(:—:—.) for fourpoint losding

where A s the deflection measured at the neam
specimen midpoint and P is the force applied by the
machine iicad.

Lincar behavior of the various sandwich con-
tigurations compare rcasonably well with the
predicted behavior (Table 3). The behavior bevond
the clastic range was dependent in several cases on the
buckbng and shear strength of the core and lami
naung strength of rthe adhesive. The strengtih of the
adhesive Joint adjacent to an aluminum sheet facing
surface was particularly  susceptible to premature
faiiure (both before yield and aftes large strain) and
was unpiedictable. Thus, no attempt was made to
extene] predicted calculation beyvond the clastic range.

Creep Temts

The GRP laminate has been shown to be sus-
ceptible to continuous creep 13]. Two flexural
speciinens of Configurations 2 and 4 were exposed (0
fong-term loading at room conditions with a point
load of 264 pounds (0.5 P, for Configuration 2 and

‘0.6 P, for Configuration 4). The loading arrangement

is shown and results are plotted in Figure 34,

Within the first 125 hours the specimens had
deflected in creep 20% of the initial deflection.
Beyond 125 hours the rate of creep was constant.
Although not tested, it was believed that much of the
GRP creep would be climinated by the employment
of aluminum sheets in both facings of the sandwich
(Configuration 3).

CANDIDATE SANDWICH PANEL MODULES

A good comparison between predicted and
experimentally obtained properties justificd the use
of the same predicting procedure to obtain load-
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deformation. curves for possible sandwich candidares
for the madules of the protective constructiun pro-
gram. In order 10 structurally compare the six sand-
‘wich configurations, the following materials and
qucnntics were coasidered in the candidate sandwich
madus:

1. 1/Z9nch (or twa V4-inch sheets) of fiber-
glass-reinforcd-polyester ~laminate to meet the
program’s fragmen:ation requiscments

2. 2 inches of wehiweight Jluminum honcy-
vomb core (6.9 pounds pec-cubic foot}in an cffort to
balance the blast and fragmen:ation resistance

3. V/8inch total thickness of aluminim or
fiber-reintorced-cpoxy

All the pancls would be comparabl .in weight:
however, the morc complex configurations would
require more steps 1o fabricate (for example, Con-
figuration 3). Configurations 1 and 2 would weigh
less than the others since fewer components would be
used.

The anticipated flexural resistance-deformavion
curves for the five sandwich configurations and a
1/2-inch sheet of GRP are shown in Figure 35, Con-
figuration 4 viclded the greatest level of structural
resistaiice and the greatest amount of strain energy
absorption. Howevel, Configurations 2 and 3 (if
adhesive problems were solved) would satisfactorily
withstand most weapon threats. They also offer the
advantage of svaunetry; that is, the structural module
should be capabie of resisting weapon blast and frag-
mentation equally well on both sides of the sandwich
panel.

SUMMARY

The delamination mechanism, which is pro-
moted by low-resin content and starch binder on the
fiberglass, made the fiberglass-reinforced-polyester
laminate a superior antifragmentation material. How-
ever, this property limited the laminate’s structural
capability. In ecach stress mode, the laminatc’s
elasticity was limited by the strength charactenstics
of the polvester resin matrix. In the compressive,
flexural, and laminating shear modes, the resistance
could not be transferred from the polyester to the

glass fiber reinfoccement because the former deteri-
orates, initiating the failure of the laminate. However,
the laminate tensile strength was over three times the
stiess level at which the polvester material started to
break down because the fibecglass was capable of
resisting much “higher tensile loads Thus the m2m-
branc tensile stress mode represented:the most ¢fii-
cient mode of loading the lan:inate.

The sirength of the laminzie Vras found to deteri-
orate with water absorzion because of.the laminate’s
kw resin content and starch binder. For field
cmployment. -the GRP must be protected from
moisture:sbsorption by sealing all exposed cdges.

‘The laminate material was demonstrated to be
niwre structurally resistant when cmployed in sand-
wich configurations with the GRP serving as mem-

-branc facings on lightweight aluminum honecycomb

core. However. sandwich construction inherently
incréases fabrication costs and shipping cube-two
undesiratle factors that could make this type of
construction. prohibitive for certain structural con-
figurations such-as highly mobile low cost personnel
protection. Some of the sandwick configurations

presented in this report utilized aluminum or

fiber-reinforced cpoxy sheets to aid the GRP in the
compressive stress mode. Each configuration provided
a level of structural resistance that was dependent
upon the arrangement of the sandwich facings.

In pcrmanent or semipermanent advanced bases
symmetrical sandwich Configurations 2 and 3 are
recommended for usc in protective structural
modules since each is capable of resisting the same
blast pressure and fragmentation striking either side
of the sandwich. Configurazion 2 is reccommended for
short-term, lower structurzl loading and for upgrading
the protection level of existing structures. Configura-
tion 3 is recommended for construction modules
which arc ‘o be subjected to long-term, higher
structural loading where creep is also considered
detrimental. Although the addition of an aluminum
sheet to the GRP facings increased cost and weight, it
was necessary in order that the panel’s compressive
face could resist high blast pressures and so that creep
due to long-term loading could be eliminated.
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Figure 1. Woven-roving fiberglass cloth used to reinforce polyester resin. Arrows on
warp and fill indicate direction of warp and fill rovings.
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Figure 2. Cross section of 1/4-inch GRP laminate.
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Figure 3. Example of stress-strain relationships in rension with 1/4-inch-thick

GRP laminate.
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Figure 4. Example of stress-strain relationship in tension with 1/8-inch-thick
GRP laminate.
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Figure 5. Example of stress-strain

relationship in compres-
sion with 1/4-inch-thick
GRP.
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Figure 6. Example of coupon resistance-deflection relationship in flexure with

1/4-inch-thick GRP laminate.
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Figure 7. Example of shear stress-deformation
curve for punching shear.
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Figure 8. Coupon specimen showing delaminated resin and rupture of
fiberglass strands sustained during tensile test.
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Figure 10. Coupon specimen showing failure during compression test.
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Figure 11. Coupon specimen showing failure during flexural test.

Figure 12, Coupon specimen showing farluze during lamination shear test,
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Configuration 1: GRP core
with aluminum “icings.

Configuration 2: aluminum honcycomb
core with GRP facings.

Configuration 3: aluminum honcycomb
core with composite GRP-aluminum

facings.

Configuration 4: aluminum honcycomb
core with aluminum sheet on compression

VAL
i
ij{*:sli!i“l}‘;::'.'5;;];7" '
AN AR
*l‘j\.‘: i side and GRP sheet on tension side.
JiA

R
1’}'! i|l,u RN

i 1 et |

:ﬁ EI.MZ i

Configuration 5: aluminum Lonecycomb
corc with sheet of fiber-reinforced-cpoxy
on compression side and GRP sheet on
tension side.

Configuration 6: aluminum honcycomb
corc with GRP sheet on compression
side and aluminum shecet on tension

side (inverse of Configuration 4).

Figure 13. GRP composite sandwich configurations. In all cases, compression side is upper
face, and tension side is lower face, as shown with Configuration 2.
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Midspan Deflection (in.)

Figure 17, Typical resistance-deflection relationship in flexure, Configuration 2.
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1,200
fe-1 in. "I 14 in.
900 ¥ 1-1/4in.
_ |
M 1/4 in.
E - :—_3'2'?:?'" Core: 5052 aluminum
S om0 Lo o 6.9 Ib/fe3 -
T PUPRTN In. spa 3/16-in, hexagonal
H [ L . Facings: 1/4-in, GRP
& S’ s
s
am——
o ey, ot
300 I e $
— —
0
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0




Moment (in.-1b)

2,000
1750 ﬂ
1500 \
1.250 / \
/ \ 174" Core 5052 aluminum
1.000 . . . 6.9 Wi
! ' 3/16-in. hexagonal
- ; ; . Facings: 1/4-in. GR¢
750 $ . ..
/ L§ ' Cut: warp direction
p\—:\_j
500 / =
250 -
0 1 ;
0 0.4 0.8 1.20 1.60
Midspan Deflection, (in,)
Figure 18, Typical resistance-deflection relitionshup in flexure. four-point loading,
Contiguration 2,
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Figure 19, Typical unmiform resistance-deflection relationship in flexure,
Configuration 2, immersed m water 24 hours.
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Figure 20. Typical resistance-deflection relationship in flexure, Configuration 2.
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Figure 21. Sample moment-deformation curve, Configuration 3.
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Figure 24. Moment-deflection curve, Configuration 6.

Figure 25. Buckling failure of aluminum and GRP due to inadequate adhesion between
sandwich components, Configuration 3.
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Figure 27. Crushing of aluminum honeycomb core beneath load, flexural specimen,
Configurauon 4.
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Figure 29. Failure of compression facing of GRP (typical failure, Configuration 2).
:
t ;
i
23
]




iﬂ

h' N 4’;«-{ 1

Figure 30. Permanent flexural deformation of beam specimen of Configuration 3
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Figure 31. Failure of the fiberglass-reinforced epoxy compression facing (typical
failure, Configuration 5).
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Figure 32. Failure of the GRP compression facing (beam specimen, Configuration 6).

Figure 33, Failure of the aluminum tensile facing (beam specimen, Configuration 6).
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Figure 34. Creep test results with Configurations 2 and 4.
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Figure 35. Resstance-deflection curves for candidate sandwich modules.
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